The effect of 4-(4-chlorobenzyl)pyridine (4-CBP) on rat hepatic microsomal cytochrome P450 (P450) and its molecular species (CYP2B1, 2E1, 3A2, 2C11, and 2C12), and on drug-metabolizing enzyme activities were examined in vivo and in vitro. Treatment of rats with 4-CBP resulted in the induction of P450 and drug-metabolizing enzymes in a dose-dependent manner, but it was markedly inhibitory at higher dose levels. Immunoblot analyses revealed that 4-CBP induces both CYP2B1 and 2E1; however, both were decreased by increasing the dose of 4-CBP. The in vitro inhibitory experiment revealed that 4-CBP strongly inhibited benzphetamine N-demethylase activity, but not dimethylnitrosamine N-demethylase activity. The present findings provide information on the induction and inhibition effect of chlorinated benzylpyridine on hepatic microsomal P450s and drug-metabolizing enzymes in vivo and in vitro.
Cytochrome P450 (P450) enzymes are well known to be induced or inhibited by a broad spectrum of structurally unrelated compounds. 1) Many investigators have demonstrated that N-substituted imidazole-containing drugs and chemicals, such as clotrimazole and 1-benzylimidazole, are potent inducers of rat hepatic P450 and its associated mono-oxygenase activities. [2] [3] [4] [5] [6] [7] [8] [9] To date, we have reported that compounds substituted at the 1-or 4-position of the imidazole-and pyridine-rings, respectively, are potent inducers of rat hepatic microsomal P450 in vivo, but these chemicals markedly inhibited P450-dependent mono-oxygenase activity when added in an in vitro assay system. [10] [11] [12] [13] [14] Recently, we reported that 2,2Ј-dipyridyl ketone induces both P450 and heme oxygenase activity, whereas 2,2Ј-dipyridyl and 2,2Ј-dipyridyl amine are able to increase heme oxygenase activity with a decreasing P450 content. 12, 15, 16) Thus, investigation of the effect of substituted heterocyclic aromatic compounds on drug metabolizing enzymes is of importance for determining drug toxicity.
We have shown that 4-benzylpyridine induces rat hepatic P450 and drug-metabolizing enzymes in a dose-dependent manner. 10) In addition, we reported that 4-phenylalkylpyridines induce P450 in a chain-length dependent manner, and inhibit drug-metabolizing enzyme activity when added in vitro to the assay medium. 13) 4-(4-Chlorobenzyl)pyridine (4-CBP) is one of these substituted pyridine derivatives with a chlorine atom at the 4 position of the benzyl moiety. There are many drugs and chemicals which have chlorine atom(s); however, the effects of chlorinated pyridines on hepatic P450 and drug-metabolizing enzymes are less well characterized. This paper describes the induction and inhibition of rat microsomal P450s and drug-metabolizing enzymes by 4-CBP, together with changes in various P450 species (CYP2B1, 2E1, 3A2, 2C11, and 2C12) in male and female rat liver.
MATERIALS AND METHODS
Chemicals 4-CBP was purchased from Tokyo Kasei Co., Ltd. (Tokyo, Japan). The chemical purity of 4-CBP was Ͼ98%. Anti-P450 antibodies (CYP2B1, 2E1, 3A2, 2C11) for immunoblot analysis were purchased from Daiichi Pure Chemicals Co., Ltd. (Tokyo, Japan). Anti-CYP2C12 antibody raised against P450 2C12 was kindly provided by Drs. Susumu Imaoka and Yoshihiko Funae, Laboratory of Chemistry, Osaka City University Medical School (Osaka, Japan). All other chemicals used were of the highest grade commercially available.
Animals and Treatment Male and female Wistar rats, weighing 180-220 g, were used in this study and were fed a commercial solid diet (MF, Oriental Yeast, Tokyo, Japan) and water ad libitum. 4-CBP was suspended in an appropriate volume of corn oil (1 ml/kg) and injected intraperitoneally (i.p.) into rats at doses ranging from 0.10 to 0.80 mmol/kg for a single administration. Control rats were injected i.p. with the vehicle alone. All rats were fasted for 24 h before being killed.
Tissue Preparation Rats were killed by decapitation and their livers were immediately perfused in situ with ice-cold 0.9% (w/v) NaCl solution. The livers were homogenized with 5 bed volumes of 1.15% (w/v) KCl with a Potter-Elvehjem homogenizer with a Teflon pestle and the liver homogenate was centrifuged at 9000ϫg for 20 min. The resulting supernatant was then ultracentrifuged at 105000ϫg for 1 h. The resulting microsomal pellet was suspended in 10 mM Tris acetate buffer (pH 7.4) containing 1 mM EDTA, 20% (v/v) glycerol and 400 mM PMSF (phenylmethylsulfonyl fluoride). The sample was used to determine total P450 content, aminopyrine N-demethylase and aniline p-hydroxylase activities, and also for immunoblot analysis. To determine the inhibitory effect of 4-CBP on drug-metabolizing enzyme activity in vitro, rats were treated i.p. with phenobarbital and pyridine at the dose of 80 mg/kg for 2 d and 100 mg/kg for 4 d, respectively.
Enzyme Assays Hepatic microsomal cytochrome P450 content was determined from a carbon monoxide difference spectrum of dithionite-treated microsomes (about 2 mg protein/ml) after they had been dissolved in a microsome solubilization buffer (100 mM potassium phosphate buffer (pH 7.3), 17) Aminopyrine N-demethylase activity was measured by the determination of formaldehyde formation according to the method of Nash.
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18) Aniline p-hydroxylase activity was determined by the method of Imai et al. 19) To determine the inhibitory effect of 4-CBP on benzphetamine and dimethylnitrosamine N-demethylase activities in vitro, the compound was dissolved in a minimal volume of dimethyl sulfoxide and added to the assay medium at various concentrations. The protein concentration was estimated by the method of Lowry et al. 20) using bovine serum albumin as a standard.
SDS-PAGE and Immunoblot Analysis
Microsomes obtained from control and 4-CBP-treated rats were solubilized in sodium dodecyl sulfate (SDS) and resolved by polyacrylamide gel (10%, w/v) electrophoresis according to the method of Laemmli.
21) Antigenic components reactive with polyclonal antibodies raised against various P450 species (CYP2B1, 2E1, 3A2, 2C11, and 2C12) were visualized with 4-chloro-1-naphthol in the presence of 0.006% hydrogen peroxide and peroxidase-labeled anti-gout IgG in 0.05 M Na,Kphosphate buffer (pH 7.4). Semiquantification of the bands was assayed using a computer imaging analysis system (MCID, Imaging Research Inc., Ontario, Canada).
Statistical Analysis Means of values were confirmed using a Student two-tailed t test. Values were considered significantly different from the controls at pϽ0.05.
RESULTS AND DISCUSSION
To elucidate the induction response of hepatic P450 content by 4-CBP, we first examined the dose-related effect of 4-CBP on microsomal P450 content in male and female rats. Rats were treated i.p. with 4-CBP at doses ranging from 0.10 to 0.80 mmol/kg for a single administration. No toxic manifestation was observed after the administration of this chemical. Figure 1 shows the structural formula of 4-CBP used in this study and the result of the dose-dependent effect on P450 content. As shown in Fig. 1A , 4-CBP significantly increased the P450 content at the lowest dose examined and produced a dose-dependent increase of P450 up to the dose of 0.40 mmol/kg to about 2.0-fold of the control male rats, and then decreased with increasing 4-CBP to 0.80 mmol/kg. The result obtained in female rats under similar experimental conditions is also shown in Fig. 1B . Similarly, 4-CBP increased P450 content in a dose-dependent manner up to the dose of 0.40 mmol/kg. We have reported that non-chlorinated benzylpyridine induces P450 content in a dose-related manner up to the dose of 0.80 mmol/kg in both sexes. 10) However, as shown in Fig. 1, 4 -CBP fails to produce P450 induction at higher doses, suggesting that pyridine substituted with a chlorinated benzyl moiety may affect the differential induction response in rat liver. Figure 2 shows a dose-response effect of 4-CBP on aminopyrine N-demethylase and aniline p-hydroxylase activities. Interestingly, as shown in Fig. 2A , we did not observe a dose-dependent increase in either enzyme's activities after treatment with 4-CBP. The administration of 4-CBP at the lowest dose examined (0.10 mmol/kg) resulted in a significant increase in both aminopyrine N-demethylase and aniline p-hydroxylase activities, to about 2.1-and 1.6-fold of the control male rats, respectively, and then gradually decreased by 0.80 mmol/kg dose. At 0.80 mmol/kg, 4-CBP markedly inhibited both enzyme activities to about 43 and 57% of the control levels, irrespective of their significant increase in P450 content (Fig. 1A) . In females, both enzyme activities reached a maximum at 0.20 mmol/kg, to about 1.8-and 2.9-fold that of the controls, respectively. However, depending on the dose of 4-CBP, these mono-oxygenase activities were markedly inhibited. We have reported that 4-benzylpyridine produced a sex-dependent increase in these two enzyme activities in a time-dependent manner. 10) Our present data (Figs. 1, 2), together with our previous paper, 10) suggests that methane with two hetero aromatic moieties is likely to be a minimal structural component for producing this sex-related induction response.
Induced levels of P450 species (CYP2B1, 2E1, 3A2, 2C11, and 2C12) in microsomes from 4-CBP-treated male and female rats were also examined. Figure 3 shows the typical results of an immunoblot analysis carried out on micro- Rats were treated i.p. with 4-CBP at doses ranging from 0.10 mmol/kg to 0.80 mmol/kg for a single administraiton, and the animals were killed 24 h after the treatment. Each value is the meanϮS.D. of three to four rats. Other experimental methods were described in Materials and Methods. * Significantly different from control groups; * pϽ0.05.
somes from the 4-CBP-treated male and female rats. Table 1 also illustrates the dose-response effect of this chemical on the induction of CYP2B1, 2E1, 3A2, 2C11, and 2C12 in male and female rats. As shown in Fig. 3 , the induction of CYP2B1 reached a maximum at 0.20 mmol/kg; however, this activity gradually declined with a dose increase up to 0.80 mmol/kg. In females, a CYP2B1 increase was also induced by 4-CBP treatment, but 4-CBP failed to increase CYP2B1 at the highest dose examined. The induction of CYP2E1 in male and female rats was also observed after the administration of 4-CBP (Fig. 3) . With respect to the induction of CYP2B and 1A species by pyridine-containing compounds, we have shown that 4-benzylpyridine induces both CYP2B1/2 and 1A1/2 dose-dependently. 10 ) Additionally, we proposed that those compounds having aromaticity and which cannot take a coplanar structure or do not have coplanarity predominantly induce CYP2B1/2. 11) On the basis of these findings, we examined whether 4-CBP is able to induce CYP1A1; however, we did not observe the induction of a CYP1A1 isoform after treatment with 4-CBP (unpublished observation). Magdalou et al. have shown that 1-benzylimidazole fails to displace benzo[a]pyrene from the Ah-receptor; however, they suggest that the compound could bind to the receptor with low efficiency. 9) These findings, [9] [10] [11] together with our present data (Fig. 3, Table 1 ), suggest that a halogenated benzyl moiety would be an indispensable structure for the induction of CYP2B1, as well as steric hindrance due to the halogen atoms, which could not take a coplanarity.
In turn, the regulation of CYP2E1 expression has been proposed at several different molecular levels: transcriptional activation, mRNA stabilization, increased translation of mRNA, and inhibition of protein degradation because of protein stabilization. 22, 26) In this respect, Eliasson et al. revealed that stabilization and protection from the destruction of CYP2E1 were provided by its inducers. 23) Kocarek et al. have suggested that the secondary structure contributed by the CYP2E1 mRNA 5Ј UTR is at least partially responsible for Other experimental methods were the same as described in Fig. 1 . AmD, aminopyrine N-demethylase activity; AnH, aniline p-hydroxylase activity. * Significantly different from control groups; * pϽ0.05. Microsomal fractions were pooled and used for this experiment. Ten micrograms of pooled microsomal protein was loaded onto SDS-PAGE and transferred to a nitrocellulose membrane. The bands were identified by developing the peroxidase reaction with a mixture of 4-chloro-1-naphthol and hydrogen peroxide in 50 mM sodium potassium phosphate buffer (pH 7.4). Other experimental methods were the same as described in Fig. 1. the inefficient translation of this RNA, while the 3Ј UTR appears to be important for protecting CYP2E1 mRNA from RNase activity associated with the translation machinery. 28) Additionally, Kim and Novak reported that the elevation of CYP2E1 protein by nitrogen-and sulfur-containing heterocycles were associated with proportional decreases in CYP2E1 poly(A) ϩ RNA levels, suggesting that there is a relationship between the induction of CYP2E1 and mRNA stability. 29) As listed in Table 1 , 4-CBP increased CYP2E1 protein at various doses except for a high dose administration. All of these findings, [22] [23] [24] [25] [26] [27] [28] [29] together with our findings ( Table 1 ), suggest that the increase in CYP2E1 protein by 4-CBP administration can be ascribed to the prevention of CYP 2E1 degradation, and perhaps to mRNA stabilization. However, further detailed study will be needed. 4-CBP did not affect sex-specific isoforms at any doses (Table 1) .
It has been well known that many imidazole-containing compounds are able to inhibit drug metabolizing enzyme activity when added in vitro to the assay medium. 30, 31) We have shown that 4-and 3-benzylpyridines inhibited aminopyrine N-demethylase activity in vitro, depending on the concentration and position of the benzyl moiety linked to the pyridine ring.
10) Additionally, we have reported that 4-phenylalkylpyridines (chain length of 0-5, 7, 9, and 11) also inhibit aminopyrine N-demethylase activity in vitro in a chain length-dependent manner. 13) Because aminopyrine Ndemethylase and aniline p-hydroxylase are catalyzed by CYP2B1/2C11 and CYP1A2/2E1, respectively, we investigated further implications of P450 species involved in the inhibition of drug-metabolizing enzymes in vitro. Since benzphetamine N-demethylase 32) and dimethylnitrosamine Ndemethylase 22) are used as marker enzyme activities for CYP2B1 and CYP2E1, respectively, we examined the inhibitory effect of 4-CBP on these catalytic properties. As shown in Fig. 4 , the addition of 4-CBP at a final concentration ranging from 10 Ϫ5 to 10 Ϫ4 M in the benzphetamine Ndemethylase assay medium, markedly inhibited in a concentration-dependent manner, by about 30% and 10%, respectively (open circle). In contrast, there was no concentrationdependent loss of dimethylnitrosamine N-demethylase activity (closed circle, Ͼ95% of the control at 10 Ϫ4 M). It has been accepted that the inhibitory mechanism on drug metabolism is believed to be the result of high-affinity binding of the compound to the heme moiety of the cytochrome P450 molecule. 33) Those findings, 33) together with our results (Fig. 4) , suggest that 4-CBP has higher affinity with the CYP2B1 molecule than the CYP2E1 in vitro.
In conclusion, the present study has revealed that 4-CBP produces the induction and inhibition of P450 and its molecular species, depending on the dose level. The in vitro inhibitory experiment has revealed that benzphetamine Ndemethylase activity was markedly inhibited by the addition of 4-CBP in a concentration-dependent manner. Thus, our results suggest that substituted pyridine compounds having a chlorine atom at the 4-position of the benzyl moiety serve as an underlying mechanism in the induction and inhibition of P450 species, especially CYP2B1.
